Abstract. We present a direct comparison of nonisotropic, integrated water vapor measurements between a ground-based Global Positioning System (GPS) receiver and a water vapor radiometer (WVR). These line-of-sight water vapor observations are made in the straight line path between a ground station and a GPS satellite. GPS double-difference observations are processed, and the residual line-of-sight water vapor delays are extracted from the double-difference residuals. These water vapor delays contain the nonisotropic component of the integrated water vapor signal. The isotropic component is represented by the zenith precipitable water vapor measurement and can be scaled to a specific elevation angle based on a mapping function. The GPS observations are corrected for station-dependent errors using site-specific multipath maps. The resulting measurements are validated using a WVR which pointed in the direction of the observed satellites. The doubledifference technique used to make these water vapor observations does not depend on accurate satellite clock estimates. Therefore it is especially well suited for near-real-time application in weather prediction and allows for sensing atmospheric structure that is below the noise level of current satellite and receiver clock errors. This paper describes the analysis technique and provides precision estimates for the GPS-measured nonisotropic water vapor as a function of elevation angle for use with data assimilation systems.
Introduction
This study is motivated by the need for accurate measurements of atmospheric water vapor with precise spatial and temporal resolution. Applications of these observations include weather prediction [Emanuel et al., 1996; Dabberdt and Schlatter, 1996] Elosegui et al., 1999] . This paper first describes how we retrieve the nonisotropic component of SW from our GPS analysis. Then we describe a technique to reduce the effect of site multipath on these observations. Finally, they are compared with independent observations from a water vapor radiometer (WVR) that was located near the GPS antenna and pointed at the observed GPS satellites. GPS observations are affected by the delay due to both the wet and dry components of the atmosphere. The dry delay is commonly removed through the use of surface observations of pressure and temperature [Elgered et al., 1991] 
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GPS Data Analysis
All GPS data were processed using the Bernese GPS 
Stacking of Residuals for Multipath Suppression
The retrieved S[" observations can contain, in addition to the atmospheric signal, noise from ground reflections near the GPS antenna and from directiondependent variations in the GPS antenna's phase response. These noise sources, to first order, are a function of the elevation and azimuth angle of the incoming GPS signal and repeat on a daily basis according to the direction of the incident ray path. To minimize these errors, the line-of-sight residuals were averaged for the 3 days to produce a multipath map. This map was then incorporated into the modeled observations during processing. The use of this map was modestly successful, and the results of its use will be discussed in sections 5 and 7.
Processing of Water Vapor Radiometer

Observations
The radiometers were operated so that they would 
rn rn 2 )2 1/2 The effect of stacking of the 3 days of residuals in an attempt to reduce multipath is shown in column 7. Most of the improvement from the stacking of residuals was in the elevation angles between 30 ø and 80 ø (column 7). This improvement was probably due to the removal of phase center variations between antennas, not to the elimination of multipath errors. The high-frequency multipath structure at lower elevation angles was probably not sufficiently well captured with a multipath map made from just 3 days of data. To further improve the results when compared to the filtering data, a larger number of days should be used when creating the map. Alber et al.
aRMS variation of the nonisotropic component of SW (column 2) and RMS errors for the WVR (column 3) and GPS (columns 4-
[2000] identified significant levels of multipath reduction by using maps that were created by stacking data for more than a week.
Finally, when the filtering and multipath maps were used together (column 8), the RMS GPS noise levels showed improvement across all elevation angles, but most significantly at elevation angles below 30 ø . Like the results from column 6 where just the filter was applied to the observations, the improvement at these low elevation angles is due to the suppression of multipath.
Comparison of Double-Difference and Precise Point Position Processing
To compare results from PP and DD processing, data from a GPS station located in central Oklahoma were processed using both GPS analysis strategies. Both solutions were computed using a recently released version of the Bernese 4.2 software containing PP and DD capa- We therefore believe that the reduced RMS for the DDderived nonisotropic SW is due to the elimination of receiver clock modeling. The residuals from both solutions contain multipath, antenna phase center variations, and atmospheric variability. These additional noise sources may significantly decrease the sensitivity of SW sensing using PP processing strategies.
Discussion
The variability in the nonisotropic component of the SW, Si m, and noise estimates for various elevation angles are provided in Figure 4 and Table (11) and (12) were computed and can be considered to be a signal-to-noise ratio of the GPS observations over all elevation angles. A histogram of the ratios is shown in Figure 6 . For this plot, approximately one third of the tracks had a signal-to-noise ratio of greater than 1, and more than half had a signal-to-noise ratio of greater than 0.8. This histogram illustrates that using the nonisotropic component of SW will oftentimes not introduce significant information in comparison to a single PW measurement. Complete SW measurements will only benefit weather prediction during conditions and locations where the nonisotropic water vapor structure is larger than the noise level of the observations. These conditions should occur during rapidly changing weather events associated with deep convection or frontal passage. It is mentioned throughout this paper that GPS observations need to be accurately modeled to measure SW and Sim. Error budgets have been proposed in previous articles concerning the estimation of PW with GPS. In particular, this topic is discussed by Bevis et al. [1992] ; and Rocken et al. [1993, 1997] . The error budgets outlined in these articles are valid for the sensing of SW observations and are not extensively discussed here. The errors discussed here will be the ones that most severely limit the measurement of Si m. These errors are caused by carrier phase noise, ground-reflected multipath, antenna phase center variations, and hydrostatic gradients in the atmosphere.
As can be seen from Table 1 Table 1 and Figure 4 . The error budgets shown in Table 1 are derived from a rather limited data set taken from just 3 days of data at two High Plains locations. It is not possible to definitively obtain reliable uncertainties on these error estimates without collecting data from other locations and other time periods. However, the daily variability of the error estimates shown in Table 1 
